sine is a potent modulator of liver fibrosis and inflammation. Adenosine has been shown to regulate such diverse activities as chemotaxis, contraction, and matrix production in hepatic stellate cells (HSC). Ecto-5=-nucleotidase/CD73 [EC 3.1.3.5] is the rate-limiting enzyme in adenosine production. Cd73-deficient mice are resistant to experimental liver fibrosis and have impaired adenosine generation. However, cell-specific expression and regulation of CD73 within the fibrotic liver have not been defined. In particular, prior evidence demonstrating that liver myofibroblasts, the cells believed to be responsible for matrix formation in the liver, express CD73 is lacking. Thus we tested the hypothesis that HSC and portal fibroblasts (PF), cells that undergo differentiation into liver myofibroblasts, express CD73 in a regulated fashion. We found that CD73 is weakly expressed in quiescent HSC and PF but is markedly upregulated at the transcriptional level in myofibroblastic HSC and PF. We furthermore found that CD73 protein and its functional activity are strongly increased in fibrous septa in rats subjected to experimental fibrosis. To determine the mechanism for the upregulation of Cd73 gene, we cloned the rat Cd73 promoter and then used serial truncation and site-directed mutagenesis to identify key regulatory elements. We identified two consensus SP1 motifs and one SMAD binding site, each of which was necessary for Cd73 gene upregulation. In conclusion, activated HSC upregulate Cd73 gene expression, via specific SP1 and SMAD promoter elements, after myofibroblastic differentiation. The ecto-5=-nucleotidase/CD73 enzyme is a novel cellular marker of activated liver myofibroblasts in vivo and in vitro and thus represents a promising molecular target for antifibrotic therapies in liver diseases.
LIVER FIBROSIS WITH SUBSEQUENT cirrhosis is the most common cause of liver failure. This process results from an imbalance between synthesis and degradation of extracellular matrix (ECM) (25) . Liver myofibroblasts are the primary cells responsible for the extensive ECM accumulation observed in liver fibrosis. These cells derive from a variety of sources including liver nonparenchymal cells, periportal and perivascular fibroblasts, and bone marrow-derived fibrocytes (37) ; however, the best characterized sources of liver myofibroblasts are hepatic stellate cells (HSC) and portal fibroblasts (PF) (16) . As they differentiate, liver myofibroblasts become contractile, owing to production of ␣-smooth muscle actin (␣-SMA) and related proteins, and fibrogenic, owing to release of fibrillar collagens and other matrix proteins (16) . Thus liver myofibroblasts represent excellent targets for antifibrotic therapies. Extracellular nucleosides (e.g., adenosine) and nucleotides (e.g., ATP) are potent signaling molecules that contribute to liver cellular homeostasis by regulating key physiological functions such as glucose metabolism, cholesterol transport, bile formation, and cytokine secretion (8, 18, 31, 45) . These compounds exert their regulatory effects via activation of purinergic P1 (nucleoside) and P2 (nucleotide) receptors and induction of well-characterized second messengers, chiefly cAMP and cytosolic Ca 2ϩ (4) . Most liver cells express multiple P1 and P2 receptor subtype(s). Hepatocytes express A 1 , A 2a , A 2b , and A 3 receptors and P2X 4, 7 (22) and P2Y 1,2,4,6,13 receptors (9, 19) , and bile duct epithelia express P2X 4, 7 (10, 11) and P2Y 1,2,4,6,11 receptors (14) . Interestingly, HSC express only A 2a , A 2b , and A 3 receptors and switch expression of P2Y receptor subtypes after myofibroblastic differentiation (3, 15, 41) . In addition to homeostatic roles, liver purinergic receptors also regulate inflammation and injury-associated processes, such as tissue repair and wound healing responses (2) . Procollagen messenger RNA expression by activated fibrogenic HSC is upregulated by both UDP (through P2Y 6 receptor) and adenosine (through A 2a receptor) (6, 15) . Additionally, the activation of A 2a receptor by adenosine in myofibroblastic HSC inhibits chemotaxis and contraction while markedly increasing collagen synthesis (24, 41) and matrix metalloproteinase expression (5) . Moreover, the role of extracellular adenosine as an overall immunomodulatory mediator in liver fibrosis has been demonstrated in various experimental liver fibrosis models using gene silencing or pharmacological inhibition approaches targeting specific adenosine receptor subtypes (5, 34, 35, 43) . A recent report showed that mice deficient in ecto-5=-nucleotidase/CD73, the ratelimiting enzyme in hepatic adenosine production, are less prone to experimental liver fibrosis, perhaps because of changes in liver myofibroblast function (35, 36) . However, the expression of CD73 by liver myofibroblast precursors (specifically HSC and PF) is unknown. Thus we tested the hypothesis that HSC and PF express ecto-5=-nucleotidase/CD73 in a regulated fashion. Here, we show that Cd73 gene expression is upregulated at the transcriptional level in HSC and PF after myofibroblastic differentiation. We also show that this transcriptional upregulation of Cd73 gene is controlled by promoter response elements for SP1 and SMAD transcription factors, providing a specific biological mechanism for this process.
EXPERIMENTAL PROCEDURES
Materials. Tissue culture reagents were obtained from Invitrogen (Carlsbad, CA). Mouse monoclonal antibody directed against human CD73 (clone 7G2) was obtained from Invitrogen, ␣-SMA (clone 1A4) and ␤-actin (clone AC15) from Sigma-Aldrich (St. Louis, MO), and fibronectin (clone 10) from BD Transduction (San Diego, CA). Rabbit polyclonal antibody directed against ␤-tubulin was from Cell Signaling (Danvers, MA), and rat CD73 (r5=NT-9 L) was a gift from Dr. Jean Sévigny (Laval University, Québec, Canada). All other chemicals were of the highest quality commercially available.
Animals and experimental liver fibrosis. Male adult Sprague-Dawley rats (180 -250 g; Harlan Sprague Dawley, Indianapolis, IN) were used for all experiments. Liver fibrosis was experimentally induced in adult rats by 8-wk carbon tetrachloride (CCl 4) intoxication and 2-wk common bile duct ligation (BDL), as previously described (13) . All procedures were approved by the Yale and University of Arkansas for Medical Sciences Institutional Animal Care and Use Committees.
Primary cell isolation and cell culture. Primary hepatocytes, HSC, and PF were isolated from rat livers as previously described. Briefly, hepatocyte and nonparenchymal cell (NPC) fractions were obtained by in situ pronase/collagenase perfusion of livers. Rat NPC were subsequently used for isolation of HSC by density gradient centrifugation (21) , and PF by serial mesh filtration of the hilar remnant (29) . Resulting cell suspensions were plated onto tissue culture plastic dishes in DMEM/F-12 containing 10% FCS and antibiotics. Primary rat HSC and PF were used at day 1 (quiescent) and day 7 (myofibroblastic/activated) after plating, as previously described (21, 29) . Primary activated human HSC were isolated as previously described (26) and grown in DMEM-high glucose-containing 10% FCS and antibiotics. LX-1 and LX-2 cells, human stellate cell lines resembling an activated HSC phenotype (42) , were grown in DMEM-high glucose containing 2% FCS and antibiotics. All cells were maintained at 37°C, under 95% air-5% CO 2. Immunohistochemistry, enzyme histochemistry, and confocal immunofluorescence. We fixed 6-m sections of snap-frozen rat liver specimens, immortalized LX-2, or primary human/rat HSC (ϳ10 5 cells/coverslip) with cold acetone-10% phosphate-buffered formalin (19:1) (for immunohistochemistry and confocal immunofluorescence) or freshly prepared 4% (wt/vol) paraformaldehyde in PBS, pH 7.2 (for enzyme histochemistry). For immunohistochemistry, liver sections were stained with rabbit polyclonal anti-rat CD73 antibody r5=NT-9 L (1:2,000), mouse monoclonal ␣-SMA antibody (1:400), or corresponding control sera, as previously described (20) . For enzyme histochemistry, ectonucleotidase activities were visualized on fixed liver sections or primary human HSC by a modified Wachstein-Meisel lead phosphate method, as previously described (20) . Assays were conducted with AMP (1 mM) as substrate and in the presence of tissue-nonspecific alkaline phosphatase inhibitor levamisole (5 mM; Sigma-Aldrich). All sections were counterstained with aqueous hematoxylin, and slides were mounted in Mowiol 4-88 medium (Calbiochem, La Jolla, CA). For confocal immunofluorescence, fixed immortalized LX-2 or primary human/rat HSC were incubated with mouse monoclonal anti-human CD73, ␣-SMA, fibronectin, and rabbit polyclonal anti-rat CD73 antibody r5=NT-9L, overnight at 4°C. Slides were then incubated with appropriate goat Alexa Fluor-conjugated anti-rabbit IgG and anti-mouse IgG antibodies (Molecular Probes, Eugene, OR) for 1 h at room temperature. Slides were subsequently incubated with TO-PRO-3 nuclear stain for 30 min at room temperature and mounted in ProLong Gold Anti-fade reagent with 4,6-diamidino-2-phenylindole (DAPI) nuclear stain medium (Molecular Probes). Slides incubated with secondary antibody alone were used as a control for specificity of fluorescence detection. We performed fluorescence microscopy using an Olympus BX51 fluorescence microscope and confocal microscopy using Zeiss LSM 510 Meta and 710 confocal imaging systems.
Immunoblot analysis. Changes in expression of rat CD73 were determined by immunoblot using anti-rat CD73 antibody r5=NT-9L and compared with ␤-tubulin expression for HSC or ␤-actin for PF, as protein loading controls. Total proteins from HSC or PF preparations were extracted with M-PER reagent containing Halt Protease Inhibitor Single Use Cocktail (Pierce Biotechnology, Rockford, IL), concentrated by use of Amicon Ultra (10,000 MWCO; Millipore) centrifugal units, separated by SDS-PAGE under nonreducing conditions, and transferred onto a polyvinylidene difluoride membrane (Immobilon/Millipore, Bedford, MA). Membranes were blocked with the Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE) and incubated with rabbit polyclonal anti-rat CD73 antibody r5=NT-9 L, followed by goat anti-rabbit IRDye680LT, and bands were visualized by use of the Odyssey imaging system. Membranes were subsequently stripped and incubated with rabbit polyclonal anti-␤-tubulin or mouse monoclonal anti-␤-actin followed by goat anti-rabbit IRDye680LT or anti-mouse IRDye800 secondary antibodies (LI-COR), and bands were visualized and intensity signals quantified by use of the Odyssey imaging system.
RT-PCR. Changes in rat Cd73 mRNA were quantitatively determined by real-time RT-PCR with an ABI PRISM 7500 sequence detection system (Applied Biosystems, Foster City, CA). cDNA was synthesized by reverse transcription by using total RNA extracted from quiescent (day 1) or myofibroblastic (day 7) HSC. Rat Cd73 and Gapdh (control) expression levels were determined by TaqMan gene expression assays Rn00571989_m1 and Rn01775763_g1 (Applied Biosystems). PCR amplification was performed under the following protocol: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 55°C for 60 s. Relative gene expression was calculated by the comparative C T method (40) . To determine expression of CD73 mRNA by semiquantitative RT-PCR, cDNA was synthesized by reverse transcription using total RNA obtained commercially (human brain; Invitrogen) or extracted from immortalized (LX-1, LX-2, and HepG2) and primary human (FH11 and FH13) HSC. PCR amplification was done by using the following sets of oligonucleotide primers: for CD73, forward, 5=-TGGAACCACGTATCCATGTG-3=; reverse, 5=-ATGCTCAAAGGCCTTCTTCA-3=; for GAPDH, forward, 5=-CGACCACTTTGTCAAGCTCA-3=; reverse, 5=-AGGGGTCTACA-TGGCAACTG-3=.
5=RLM-RACE analysis.
The transcription start site of the rat Cd73 gene was determined RNA ligase-mediated rapid amplification of 5= cDNA ends (5=RLM-RACE), by using FirstChoice RLM-RACE kit following the manufacturer's instructions (Ambion, Austin, TX). Total RNA was isolated from primary rat hepatocytes with TRIzol reagent (Invitrogen) and used as template for the replacement of the mRNA 5=CAP structure by a 5=RLM-RACE adaptor. The full-length RNA ligated to the adaptor was then reverse transcribed with SuperScript III First-Strand Synthesis System (Invitrogen) using oligo-(dT) 18 primers. Cd73 transcription start sites were analyzed by nested PCR amplification. The first amplification was done using 5=RLM-RACE and gene-specific outer primers (gsrCd73-R2) (see Table 1 ) at annealing temperatures of both 60 and 55°C. An aliquot of each of these first PCR products was used for an additional PCR amplification with the 5=RLM-RACE and gene-specific inner primers (gsrCd73-R1) at an annealing temperature of 60°C. PCR amplifications were performed by using the Expand High-Fidelity PCR system (Roche Biosciences, Palo Alto, CA) under the following conditions: 95°C for 1 min, 35 cycles of 95°C for 30 s, 55 or 60°C for 30 s, and 72°C for 30 s, completed by a 10-min incubation at 72°C. After analysis by agarose gel electrophoresis, a single-band PCR product from both nested amplifications was detected by staining with ethidium bromide and purified by gel extraction. The extracted samples were ligated into pCRII TOPO vector (Invitrogen) by following the manufacturer's instructions. At least 10 individual colonies from each transformation were analyzed by PCR amplification using manufacturer instructions. Eight clones originating from 55°C outer PCR and five from 60°C outer PCR were used for analysis by automated sequencing (Keck DNA Sequencing Facility, Yale University).
Cloning of rat Cd73 gene putative promoter and construction of reporter vectors.
To analyze the promoter activity of the 5= untranslated region of rat Cd73 gene, 7 discrete fragments of the promoter Fig. 1 . CD73 protein expression and enzymatic activity redistribute to myofibroblast-rich regions in experimental liver fibrosis. A: effects of bile duct ligation (BDL) on CD73 expression and activity. Liver sections from rats subjected to BDL (2 wk) were used to visualize in situ ecto-AMPase activity, by the Wachstein/Meisel lead phosphate precipitation method, and ecto-5=-nucleotidase/CD73 and ␣-smooth muscle actin (␣-SMA) proteins, by using a standard peroxidase-based immunohistochemistry procedure. In control animals, both ecto-AMPase activity and ecto-5=-nucleotidase/CD73 protein expression have parallel localization at the level of both canalicular and sinusoidal membrane domains of hepatocytes and the hepatic portal areas, whereas ␣-SMA protein is only observed at the level of the smooth muscle cell layer surrounding blood vessels. Upon hepatic fibrosis induction, ecto-AMPase activity and ecto-5=-nucleotidase/CD73 and ␣-SMA protein expression are seen in the vicinity of fibrotic areas surrounding proliferating bile ducts (green arrows). B: effects of CCl4 intoxication on CD73 expression and activity. The effects of CCl4-induced liver fibrosis are even more profound, as the distribution of ecto-5=-nucleotidase/CD73 protein expression and activity shifted to broad fibrotic bands surrounding hepatocyte regenerative nodules in the same locale as ␣-SMA-positive liver myofibroblasts (red arrows). Scale bar, 40 M. region with length between 2,046 and 80 base pairs (bp) were generated. An additional restriction enzyme site was added to each forward (MluI) and reverse (BglII) primer. All primer sequences and positions are listed in Table 1 . For PCR amplification of the longest fragment (2,046 bp) that was expected to contain the complete promoter, 0.1 g of commercially available rat genomic DNA (Clontech, Mountain View, CA) was used as template with the primers prCd73-F1 and prCd73-R1. Approximately 10 ng of the first plasmid was then used as template for PCR amplification of all other promoter fragments (prCd73-F2 to prCd73-F7) with the same reverse primer (prCd73-R1). All PCR amplifications were done with Expand HighFidelity PCR System (Roche Biosciences) for maximum of fidelity of the elongation, as follows: 95°C for 2 min, 30 cycles of 95°C for 30 s, 62°C for 30 s, and 72°C for 2 min 30 s, and completed by a 7-min incubation at 72°C. Amplification products were ligated into the MluI/BglII cloning site in the luciferase reporter gene pGL3-Basic vector (Promega, Madison, WI). The nucleotide sequence of each promoter fragment was confirmed by automated sequencing before use. Fig. 2 . Upregulation and redistribution of CD73 protein in hepatic stem cells (HSC) and portal fibroblasts (PF) after culture-induced myofibroblastic differentiation. Expression of ecto-5=-nucleotidase/CD73 was examined in quiescent (day 1, top left) and activated (day 7, top right) HSC preparations, by confocal immunofluorescence. ␣-SMA-positive staining is seen in green and used as evidence of myofibroblastic differentiation. Ecto-5=-nucleotidase/CD73-positive staining is seen in red. TOPRO-3 labeling of nuclei is seen in blue. When merged images from day 1 and day 7 HSC are compared, high increases in expression of ecto-5=-nucleotidase/CD73 protein are observed that parallel HSC myofibroblastic differentiation. Similar changes in ecto-5=-nucleotidase/CD73 expression were noted in immunofluorescence localization experiments performed on quiescent (day 1) and myofibroblastic (day 7) PF, in which nuclei (blue) are labeled with 4,6-diamidino-2-phenylindole (DAPI) (bottom). Scale bar 20 M.
Site-directed mutagenesis of putative SP1-and SMAD-responsive promoter elements. Putative promoter responsive elements for SP1 and SMAD transcription factors were identified by using the bioinformatics software tool MatInspector (Genomatix, Munich, Germany), and fragments lacking such elements were generated by site-directed mutagenesis. Site-directed mutants were generated with the QuikChangeII XL site-directed mutagenesis kit (Stratagene, La Jolla, CA). The following sets of oligonucleotide primers were used for SP1 (1 st site): forward, 5=-gagtgcgtctgcggtacggaggacctggggc-3=; reverse, 5=-gccccaggtcctccgtaccgcagacgcactc-3=; SP1 (2 nd site): forward, 5=-ctggggctaaaggagtacggtctggccccgccc-3=; reverse, 5=-gggcggggccagaccgtactcctttagccccag-3=; and SMAD: forward, 5=-ctaaaggaggcggcagtggccccgccccg-3=; reverse, 5=-cggggcggggccactgccgcctcctttag-3=. PCR amplification of mutants was performed by using PfuUltra High Fidelity DNA polymerase (Stratagene) under the following parameters: 95°C for 1 min, followed by 18 cycles of 95°C for 50 s, 60°C for 50 s, and 68°C for 6 min, and then 68°C for 7 min. Each mutation was confirmed by automated sequencing before use.
Transfection of LX-2 cells. LX-2 cells were split into 24-well plates (5 ϫ 10 4 /well) on the day before transfection. The basic LX-2 growth medium was replaced with serum-free Opti-MEM I (Invitrogen) just prior transfection reaction. Plasmid DNA (300 ng of each firefly luciferase reporter vector and 10 ng of Renilla luciferase vector) diluted in Opti-MEMI (50 l) was mixed with Lipofectamine 2000 (2 l; Invitrogen) diluted in Opti-MEMI (50 l). The mixture was incubated for 20 min at room temperature and then added to cells in a stepwise fashion. Following a 6-h incubation at 37°C, twiceconcentrated growth medium was added to cells for a 48-h incubation, before testing of transgene expression.
Luciferase activity assay. Changes in firefly luciferase activity of transfected LX-2 cells were normalized to Renilla luciferase activity by use of the Dual-Luciferase Reporter assay system (Promega) and detected with a Synergy HT multidetection microplate reader (BioTek, Winooski, VT).
Electromobility shift assay. Nuclear extracts from LX-2 cells were prepared by use of the NE-PER Nuclear and Cytoplasmic Extraction Reagents kit (Pierce Biotechnology) according to the manufacturer's instructions. DNA binding assays were performed with 2.5 g of nuclear extracts by using the DIG Gel shift second generation kit (Roche Biosciences) according to the manufacturer's instructions. The DIGlabeled double-stranded oligonucleotides used as probes are described in Table 1 . For competition experiments, a 125-fold molar excess of unlabeled double-stranded oligonucleotides was added to the binding reaction.
ChIP assay. Chromatin immunoprecipitation (ChIP) assays were performed by using the SimpleChIP Enzymatic Chromatin IP Kit (Cell Fig. 3 . Evidence of CD73 protein expression and enzymatic function in human HSC-derived myofibroblasts. Immortalized LX-2 myofibroblastic HSC and primary human HSC isolated from human liver explants (FH11 and FH13 HSC) were examined for the expression of ecto-5=-nucleotidase/CD73 and myofibroblast markers, ␣-SMA, and fibronectin by confocal immunofluorescence, and of ecto-AMPase (AMP hydrolysis) activity by enzyme histochemistry by the Wachstein/Meisel lead phosphate precipitation method as described in Fig. 2 . Positive staining for ecto-5=-nucleotidase/CD73 protein as well as of the other markers can be seen in green, indicating that activated human HSC express CD73 (Immunofluorescence). DAPI-positive nuclei are seen in blue. When the ectonucleotidase activity of these cells was tested with AMP as substrate via enzyme histochemistry, brown deposits corresponding to nucleotide hydrolysis products could be detected at their surface. No signal was observed in absence of AMP substrate (all insets). Scale bar, 20 M (immunofluorescence); scale bar, 20 M (bright field).
Signaling) according to the manufacturer's instructions. Briefly, nuclear lysates isolated from rat primary HSC were sonicated, and cross-linked proteins were immunoprecipitated by incubation with antibodies against Sp1 (Millipore) and various SMAD proteins as well as normal IgGs (Cell Signaling), respectively. A DNA sample from sonicated nuclear lysates that underwent proteinase K digestion only was used as internal control (input). A DNA sample immunoprecipitated by normal IgGs was used as negative control. Immunoprecipitated DNA was detected by PCR amplification using prCd73 F6 and prCd73 R1 primers (see Table 1 
Genetic sequence data. A genomic DNA sequence containing previously unknown nucleic acid residues located within the cloned putative rat Cd73 promoter was identified by automated sequencing. This sequence (accession number JN792133) was deposited in the GenBank Genome Survey Sequences database (NCBI).
Statistical analysis. Data are presented as means Ϯ SE. Comparisons between individual groups were made with two-tailed t-tests, by use of GraphPad Prism 5 (GraphPad Software, San Diego, CA).
RESULTS

Ecto-5=-nucleotidase/CD73 protein and ecto-AMPase activity levels are altered in experimentally induced liver fibrosis.
The localization of ecto-5=-nucleotidase/CD73 protein and AMP hydrolytic activity was monitored in two well-established models of liver fibrosis in rats, BDL and CCl 4 intoxication. For the BDL model, in control (sham-operated) livers, ecto-5=-nucleotidase/CD73 staining was observed at the level of apical and basolateral hepatocyte membrane domains and in scattered cellular elements present in hepatic sinusoids (Fig. 1A,  top left) . In BDL livers, a strong staining signal for ecto-5=-nucleotidase/CD73 could be detected in fibrotic areas sur- [Cd73]/[Gapdh] mRNA ratios from day 1 and day 7 HSC preparation samples (n Ն 3 for each group, 3 separate experiments) were calculated and compared. As can be seen, day 7 HSC express roughly 3ϫ the mRNA of day 1 HSC. ***P Ͻ 0.001, HSC day 1 vs. HSC day 7. B: semiquantitative RT-PCR to determine relative expression of Cd73 mRNA in human cells. Total RNA from human immortalized LX-1, LX-2 myofibroblastic HSC, primary isolated human myofibroblastic HSC (FH11 and FH13), HepG2 hepatocellular carcinoma cells, and human brain tissue extract (positive control) was reverse transcribed, and the resulting cDNAs (lanes 2-7) were used as templates for semiquantitative PCR to detect expression of CD73 (171-bp product) and GAPDH (loading control, 228-bp product) genes. All samples are positive for expression of CD73 mRNA, except for the water control (lane 1), in which no template was added. C: upregulation of CD73 protein in myofibroblastic HSC determined by immunoblot. Total protein fractions were isolated from rat day 1 and day 7 HSC preparations and used for immunoblot to study the expression of ecto-5=-nucleotidase/CD73 and ␤-tubulin (loading control) proteins. A representative experiment shows a faint band (ϳ70 kDa) indicating low basal expression of ecto-5=-nucleotidase/CD73 that is seen in day 1 HSC, that is of greater intensity in day 7 HSC. Bottom: ratios of signal intensity [ecto-5=-nucleotidase/CD73]/[␤-tubulin] protein immunoblots from day 1 and day 7 HSC (n Ն 3 for each group) samples were calculated and compared, **P Ͻ 0.01, HSC day 1 vs. HSC day 7. D: upregulation of CD73 protein in myofibroblastic PF determined by immunoblot. Total protein fractions isolated from day 1 and day 7 PF preparations were analyzed as in C to study the expression of ecto-5=-nucleotidase/CD73 and ␤-actin (loading control) proteins. A representative experiment shows that expression of ecto-5=-nucleotidase/ CD73 is absent in day 1 PF whereas a strong band indicative of protein expression is seen in day 7 PF. Bottom: ratios of signal intensity [ecto-5=-nucleotidase/ CD73]/[␤-actin] protein immunoblots from day 1 and day 7 PF (n Ն 3 for each group) samples were calculated and compared, **P Ͻ 0.01, PF day 1 vs. PF day 7. rounding unstained proliferating bile ducts, and also at the level of hepatocyte membrane, although with a diffuse canalicular distribution (Fig. 1A, top right) . The localization pattern of ecto-AMPase activity in BDL livers clearly paralleled that observed for ecto-5=-nucleotidase/CD73 protein (Fig. 1A, middle) . For the CCl 4 intoxication model, control (oil vehicle) livers exhibited ecto-5=-nucleotidase/CD73 expression profiles identical to the ones described for BDL control livers (Fig. 1B,  top left) . In CCl 4 -intoxicated livers, ecto-5=-nucleotidase/CD73 expression was mainly observed in fibrous septa surrounding regenerating hepatic nodules and also at the level of hepatocyte membrane (Fig. 1B, top right) . Again, the distribution of ecto-AMPase activity paralleled the ecto-5=-nucleotidase expression pattern (Fig. 1B, middle) . Interestingly, in both fibrosis models, increases in ecto-5=-nucleotidase/CD73 protein and enzymatic activity were detected in fibrotic areas that are prototypical regions in which ␣-SMA-positive liver myofibroblasts are detected in cirrhotic animals (Fig. 1, A and B,  bottom) .
The myofibroblastic differentiation of activated rat HSC and PF induces upregulation of ecto-5=-nucleotidase/CD73
expression. To verify the possibility that activated myofibroblasts could express ecto-5=-nucleotidase/CD73, we determined its localization in quiescent (day 1) and culture-activated (day 7) primary isolated rat HSC and PF by confocal microscopy. Expression of ecto-5=-nucleotidase/CD73 was very low in day 1 primary HSC ( Fig. 2 A, HSC day 1 ) and absent in day 1 primary PF (Fig. 2B, PF day 1) , in which quiescence was confirmed by the absence of ␣-SMA stress fibers. Upon culture activation, a strong increase in cell surface expression of ecto-5=-nucleotidase/CD73 was detected in both primary HSC (Fig. 2 A, HSC day 7) and PF (Fig. 2B, PF day 7) . Both day 7 primary HSC and PF had clearly undergone myofibroblastic differentiation, as evidenced by their increased cell surface (F2-F7) of the putative Cd73 promoter (F1 or nucleotides Ϫ2,056 to Ϫ11 bp from ATG), and luciferase activity was determined and expressed relatively to that of EV (open bar). Luciferase activity was maximal for construct F4, which was significantly higher than for longer constructs F1-F3, suggesting the presence of repressor elements in the region delimited by Ϫ735 to Ϫ484 bp from ATG of the putative promoter sequence. Moreover, F4 construct luciferase activity was noticeably decreased in shorter F5 and F6 constructs and essentially absent in the shortest construct F7, designating the F6 (Ϫ159 to Ϫ11 bp) construct as the minimal promoter required for rat Cd73 gene expression (n Ն 3). *P Ͻ 0.001 vs. EV; #P Ͻ 0.001 vs. F4. UTR, untranslated region. . Unmodified (ϪTAP) and modified (cDNA) cDNAs from isolated primary rat hepatocytes were used as templates for a first round of PCR amplification performed at 2 different annealing temperatures of 55 and 60°C, with 5=RLM-RACE outer and gsrCd73-R2 primers. Products of each reaction were used as templates for a nested PCR amplification performed at an annealing temperature of 60°C with 5=RLM-RACE inner and gsrCd73-R1 primers followed by electrophoretic analysis on 2% agarose gel. A negative control reaction (Ctrl), in which cDNA template was omitted, is included. B: computer-aided analysis of the putative rat Nt5e minimal promoter. The putative rat Cd73 minimal promoter nucleotide sequence was determined. The adenine of the translation start site (ATG) is indicated by an upward arrow at the nucleotide ϩ1. Transcription start sites, deduced from the sequences of 13 individual clones originating from the outer PCR amplifications at 55 and 60°C annealing temperatures, are indicated by asterisks (*, major site) or pound signs (#, alternative sites), respectively. The prCd73-F6 to prCd73-F7 primer sequences (F6 -F7) are indicated in bold type.
area, exaggerated spindle shape, and strong expression of ␣-SMA stress fibers. We also determined the localization of ecto-5=-nucleotidase/CD73 in immortalized LX-2 and primary isolated human FH11 and FH13 myofibroblastic human HSC, in parallel with known HSC cell markers ␣-SMA and fibronectin. All used human HSC expressed ecto-5=-nucleotidase/CD73 in addition to the other cell markers (Fig. 3, Immunofluorescence) . When the distribution of ecto-AMPase activity was determined in those cells, brown precipitates indicative of AMP hydrolysis could be seen decorating their plasma membranes (Fig.  3, Enzyme histochemistry) . We next quantified changes in Cd73 gene expression in HSC undergoing myofibroblastic differentiation at the mRNA and protein levels. Cd73 mRNA levels were significantly increased in day 7 primary HSC compared with day 1 primary HSC (Fig. 4A) . Interestingly, semiquantitative RT-PCR also demonstrated that myofibroblastic LX-1, LX-2, FH11, and FH13 human HSC express CD73 mRNA (Fig. 4B ). Significant increases in ecto-5=-nucleotidase/CD73 protein levels were also detected upon myofibroblastic differentiation in primary HSC (Fig. 4C) and PF (Fig. 4D) . Taken together, these results strongly imply that Cd73 gene upregulation is mediated at the transcriptional level during the myofibroblastic differentiation process of activated HSC.
The cloned putative Cd73 gene promoter region is transcriptionally active. To determine the mechanism(s) responsible for the upregulated Cd73 transcription in myofibroblastic HSC, we located and cloned the putative rat Cd73 gene promoter. We first identified the transcription initiation site(s) by 5=RLM-RACE using total RNA purified from primary isolated rat hepatocytes, as described above in the EXPERIMENTAL PROCEDURES. The first step of nested PCR amplifications was performed at 55 and 60°C annealing temperatures, using 5=RACE adaptor-ligated cDNAs as template. Then, the second step of nested PCR amplifications was performed at 60°C by using either 55 or 60°C reaction products as template, and each yielded a single band with a molecular weight of ϳ300 bp (Fig. 5A) . Each nested PCR product was used individually for cloning procedure followed by colony selection and insert analysis by automated sequencing. We identified a "hot spot" for the initiation of rat Cd73 gene transcription (found in 5 of 13 colonies; Fig. 5B , asterisk) located at Ϫ30 bp from ATG and alternate sites located between nucleotides Ϫ54 to Ϫ32 bp (8 of 13 colonies; Fig. 5B, pound signs) . A 2,046 bp-long rat genomic DNA sequence corresponding to the putative Cd73 gene promoter was cloned into a luciferase reporter plasmid (F1) and used as template for the subsequent generation of serial truncation luciferase constructs (F2-F7) . The transcriptional activity of each construct was studied by a dual-luciferase assay after transfection in immortalized LX-2 human HSC (Fig. 6) . Of note, LX-2 HSC were used for these studies for several reasons: 1) LX-2 cells are well-established models of myofibroblastic HSC, 2) LX-2 cells express endogenously both CD73 mRNA and protein (Figs. 3 and  4) , and 3) LX-2 cells are readily transfected with high efficiency. Of all truncation constructs generated, the F4 construct (Ϫ484 to Ϫ11 bp) displayed the highest activity that was significantly elevated compared with longer F1-F3 and shorter constructs F5-F7, suggesting the existence of both enhancer (F5-F7) and suppressor (F1-F3) elements in the cloned putative rat Cd73 promoter sequence. The luciferase activity of F7 construct was almost completely abrogated with similar levels to the ones measured for the control empty vector, designating the F6 (Ϫ159 to Ϫ11 bp) construct as the minimal promoter required for the rat Cd73 gene transcription in myofibroblastic HSC.
SP1 and SMAD transcription factors mediate Cd73 gene promoter activity. In silico analysis of the putative rat Cd73 minimal promoter F6 (Ϫ159 to Ϫ11 bp) construct revealed the presence of two SP1 (Specificity Protein 1; Ϫ140 to Ϫ137, first; Ϫ114 to Ϫ111, second) response elements and one SMAD [homologs of both Drosophila protein mothers against decapentaplegic (MAD) and the Caenorhabditis elegans protein SMA; Ϫ109 to Ϫ106] transcription factor binding site. Interestingly, SP1 and SMAD transcription factors are known downstream effectors of TGF-␤ signaling pathways during fibrosis (17) . We evaluated the impact of individual or combined mutation(s) targeting SP1 and SMAD transcription factor binding sites on the F6 construct transcriptional activity. Wt and mutant F6 constructs were transfected in LX-2 cells, and Fig. 7 . Use of site-directed mutagenesis to determine the functional significance of specific promoter elements in the minimal Cd73 promoter. LX-2 cells were transfected with control pGL3 plasmid (EV), wild-type (wt), or mutant F6 (nucleotides Ϫ159 to Ϫ11 from ATG) constructs, and luciferase activity was determined and expressed relatively to that of F6 (open bar). Luciferase activity is significantly decreased when mutations targeting each SP1 (Ϫ140 to Ϫ137, first; Ϫ114 to Ϫ111, second) or SMAD (Ϫ109 to Ϫ106) sites are introduced. Interestingly, mutation of SP1 (Ϫ114 to Ϫ111) site in combination with either the other SP1 (140 to Ϫ137) or single SMAD sites is sufficient to reduce, by almost 50%, F6 construct luciferase activity. Moreover, the single SMAD mutation by itself does not decrease luciferase activity to the extent of SP1 (Ϫ114 to Ϫ111) site (n Ն 3). *P Ͻ 0.001 vs. F6; ##P Ͻ 0.01 vs. mutant SP1 (Ϫ139 and Ϫ113); ###P Ͻ 0.001 vs. mutant SP1 (Ϫ139 and Ϫ113); &P Ͻ 0.001 vs. SMAD. luciferase activity was measured using a dual-luciferase assay (Fig. 7) . We found that mutation of each SP1 and/or SMAD responsive element alone or in combination was sufficient to significantly decrease the F6 construct luciferase activity. These data indicate that the rat Cd73 promoter activity is mediated in a largely independent fashion by transcription factors acting at SP1 and SMAD sites in myofibroblastic HSC. To confirm our findings, we performed electrophoretic mobility shift assays of the SP1 and SMAD promoter elements using nuclear extracts from immortalized LX-2 cells (Fig. 8A) . When nuclear extracts were incubated with the labeled wild-type (wt) probe, four bands corresponding to formed DNA-nuclear protein complexes were observed. Mutation of either the SMAD site or of both SP1 sites together, or mutation of the combination of all three, resulted in a significant reduction of formed DNA-nuclear protein complexes. Next, the binding specificity was confirmed by adding a 125-fold molar excess of unlabeled wt or mutated probe(s). These results demonstrate the presence of factors in LX-2 nuclear extracts that can bind SP1 and SMAD transcription factor binding sites contained in the minimal rat Cd73 promoter and regulate its transcriptional activity. Finally, ChIP assay analysis of nuclear lysates isolated from primary rat HSC showed that SP1 and (mainly) SMAD5 transcription factors can bind the putative rat Cd73 minimal promoter F6 (Ϫ159 to Ϫ11 bp) (Fig. 8B) . Taken together, these data suggest that the activity of the putative minimal rat Cd73 promoter is regulated by SP1 and SMAD transcription factors in vitro and in vivo.
DISCUSSION
In the present work, we tested the hypothesis that the ecto-5=nucleotidase/CD73, the rate-limiting enzyme for production of adenosine, is upregulated by HSC and PF upon myofibroblastic differentiation. We found that this indeed occurs and that this upregulation is mediated at the transcriptional level by specific transcription factors that are biologically relevant to liver myofibroblast function. CD73 is an attractive target for liver fibrosis research. Prior studies demonstrated that experimental liver fibrosis in mice increases hepatic Cd73 mRNA levels (35, 36) . Cd73-deficient mice are resistant to experimental liver fibrosis, suggesting that CD73 plays a critical role in the modulation of liver fibrogenesis (35, 36) . These findings are of great potential importance; however, they are limited by the lack of examination of the cell-specific expression of CD73. Specifically, it could be surmised that the reduction in fibrosis was due to differences in function of inflammatory or antigen-producing cells, changes in hepatocellular death, or some other mechanism(s). The present study suggests that the role of CD73 in liver fibrosis is mediated, at least in part, at the level of liver myofibroblasts. Although this is not the focus of the present article, it is noteworthy to mention that liver parenchymal cells (or hepatocytes) also express CD73 protein (as observed in Fig. 1 ) and could contribute, to a certain extent, to CD73-related biological pathways.
There are good data supporting the potential pathophysiological relevance of CD73 upregulation in liver myofibroblasts. The functional importance of ecto-5=-nucleotidase/CD73 is due to its enzymatic activity; CD73 is the rate-limiting step in generation of extracellular adenosine (27) . Adenosine is not secreted into the extracellular space in a regulated fashion; however, ATP does undergo such secretion (7). Thus CD73 controls extracellular levels of adenosine, a potent modulator of fibrosis and inflammation in the liver (39) . In liver injury, alterations in cytokine release, fatty acid metabolism, acute toxic liver injury, ischemia-reperfusion damage, and toxininduced liver fibrosis are modulated by adenosine. Adenosine effects cell changes via signaling through its four G proteincoupled receptors: A 1 , A 2a , A 2b , and A 3 (5, 30, (33) (34) (35) 43) . Of particular relevance to the present study, adenosine regulates a number of fibrogenic functions in myofibroblastic HSC. HSC express A 2a , A 2b , and A 3 receptors, and adenosine regulates chemotaxis, contraction, matrix metalloproteinase production, and collagen production in HSC (24, 32, 35, 41) . Thus expression of CD73 likely represents the mechanism by which adenosinergic signals are generated to regulate downstream fibrogenic effects in HSC. In contrast, a recent study showed that Cd73 gene knockdown in immortalized mouse HSC en- Fig. 8 . EMSA experiment and chromatin immunoprecipitation (ChIP) assay to verify direct binding of SP1 and SMAD elements to the minimal Cd73 promoter. A: EMSA. Nuclear extracts obtained from LX-2 cells were subjected to EMSA using a digoxigenin-labeled probe corresponding to the wt minimal rat Cd73 promoter containing the two SP1 (nucleotides Ϫ139 to Ϫ136 and Ϫ113 to Ϫ110) and the SMAD (Ϫ108 to Ϫ105) motifs. In addition, wt probes containing mutation(s) targeting the two SP1 and single SMAD sites alone or in combination were used. Competitive analysis was performed in the presence of a 125-fold molar excess of unlabeled competitor, as indicated. Formation of DNA-protein complexes are indicated by arrowheads. A representative image of 3 independent experiments is shown. B: ChIP assay. Nuclear lysates isolated from primary rat HSC were subjected to ChIP using antibodies against SP1 and various SMAD transcription factors, and PCR analysis with prCd73 F6 and prCd73 R1 primer set. Strong 170-bp PCR products are observed in wells containing DNA material immunoprecipitated with antibodies directed against SP1 and (mainly) SMAD5 transcription factors. The "input" and "normal IgGs" represent internal and negative controls, respectively. A representative image of 2 independent experiments is shown. hanced collagen production, migratory capacity, and mRNA expression of adenosine-producing tissue nonspecific alkaline phosphatase (TNAP) ectoenzyme (1), which may argue against this hypothesis. Hence the in vivo role of CD73 expressed by liver myofibroblasts remains unknown. In the present study, we found that ecto-5=-nucleotidase/CD73 protein expression is increased in both myofibroblastic HSC (from low basal levels) and activated portal fibroblasts (from negligible levels) upon culture activation, in agreement with its observed distribution within the scar-laden areas in BDL and CCl 4 -intoxicated cirrhotic rat livers. Interestingly, a recent study describing a large-scale proteome analysis of primary activated rat HSC reported Cd73 among the genes whose expression is highly increased upon cell activation (28) . We also found that primary human myofibroblastic HSC and LX-2 cells express CD73. This suggests that CD73 upregulation could represent a common mechanistic pathway triggered in HSC and PF undergoing myofibroblastic differentiation, across rat and human species. This is in stark contrast to the observed changes in the ectoATPase NTPDase2, which is upregulated in myofibroblastic differentiation of HSC but downregulated in myofibroblastic differentiation of PF (12, 13, 15, 44) . Thus direct study of promoter elements of both of these genes is of biological relevance in liver fibrosis research.
Here we identified and cloned the putative rat Cd73 promoter and demonstrated that it contains functional response elements for both SP1 and SMAD transcription factors. Interestingly, single mutation of these sites reduced promoter activity, suggesting that each element is functional. Moreover, although combined mutations of each SP1 site with the SMAD substantially reduced promoter activity, triple mutation did not reduce it further, suggesting that each SP1 and SMAD response element is sufficient to upregulate Cd73 gene expression. We further confirmed by EMSA the contribution of SP1 and SMAD signaling to the rat Cd73 promoter activity and identified by ChIP assay SP1 and SMAD5 (among others), as transcription factors that are recruited to and can interact with the putative rat Cd73 promoter region. Both SP1 and SMAD transcription factors act as downstream effector molecules or as coactivators mediating TGF-␤-induced gene activation during fibrosis (17) . TGF-␤ is one of the best-characterized modulators in the pathogenesis of liver fibrosis (23) . Its biological action controls both inflammation and fibrogenesis within the liver. TGF-␤ modulates transcriptional activity of critical liver myofibroblast target genes, including procollagen ␣1, matrix metalloproteinase-11, cyclin D1, and ␣-SMA (17, 46) . Although we have not tested this here, the rat Cd73 gene expression may also by regulated by TGF-␤ signaling. Interestingly, the mouse Cd73 gene expression is induced in splenic T cells, bone marrow-derived dendritic cells, and peritoneal macrophages, upon in vitro stimulation with TGF-␤ (38).
In conclusion, we have shown that Cd73 gene expression increases in both HSC and PF during myofibroblastic differentiation. Since CD73 is the rate-limiting enzyme in generation of adenosinergic signaling, and adenosinergic signals are strongly profibrogenic, we propose that Cd73 gene upregulation provides a novel and biologically relevant mechanism by which liver myofibroblasts may transduce profibrogenic signals. Future studies will be performed to directly test this hypothesis in vitro and in vivo.
